Exfoliated two-dimensional early transition metal carbides and carbonitrides are usually not terminated by metal atoms but saturated by O, OH, and/or F, thus making it difficult to understand the surface structure evolution and the induced electronic modifications. To fill this gap, density functional theory and molecular dynamics simulations are performed to capture the initial stage of the oxidation process of Ti 2 C, a prototypical example from the recently fabricated class of two-dimensional carbides and carbonitrides.
Introduction
Since the discovery of graphene, [1] [2] [3] tremendous interest has been generated to explore the synthesis, properties, and applications of two-dimensional (2D) materials. [4] [5] [6] Using mechanical 7, 8 or chemical [9] [10] [11] exfoliation, various materials with one or a few atomic layers, such as BN, MoS 2 , WSe 2 , Bi 2 Se 3 , and Bi 2 Te 3 , have been fabricated from the weakly bonded layered bulk compounds. These materials exhibit distinctly different properties and therefore can be used in a wide range of applications. [12] [13] [14] Recently, new families of 2D early transition metal carbides and carbonitrides, the so-called MXenes (M ¼ Ti, Sr, V, Cr, Ta, Nb, Zr, Mo, Hf, X ¼ C, N or both), have been exfoliated from layered M n+1 AX n (n ¼ 1, 2, and 3), [15] [16] [17] in which A represents elements mainly from groups IIIA and IVA. In M n+1 AX n , the weak chemical A-M bonds allow removal of A ions from the bulk and thus exfoliation. The structural similarity to graphene and high electrical conductivity make these materials promising for electronic device applications, such as lithium ion batteries. [18] [19] [20] [21] It has been demonstrated that the surfaces are covered by O, OH, and/or F acceptor groups 15 and that special electronic and magnetic properties are induced by the surface adsorbates. Specically, some MXene monolayers become semiconducting upon O saturation.
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The O, OH, and/or F coverage of MXene surfaces leads to difficulties in understanding the surface structure evolution and the induced effects on the electronic properties. To ll this gap, density function theory calculations and molecular dynamics (MD) simulations are performed to study the initial steps of the oxygen adsorption and dissociation processes and the corresponding evolution of the structural and electronic properties. We chose Ti 2 C, consisting of three atomic layers (Ti 1 -C-Ti 2 ), as a representative case, and have conrmed our results for the ve layer case. It is found that both O 2 dissociation and O diffusion are very facile at low coverage. The surface Ti 3d dangling orbitals strongly interact with the approaching O 2 molecules, giving rise to a fast dissociation.
Computational details
This work is based on the Vienna Ab Initio Simulation Package [23] [24] [25] and the frozen-core projector augmented wave method. 26, 27 The spin polarized Perdew, Burke, and Ernzerhof generalized gradient approximation is employed for the exchange-correlation potential 28 and a cutoff energy of 500 eV is used for the plane wave expansion. 3 Â 3 [ Fig. 1(a) ] and 2 Â 2 lateral supercells are used together with respective 4 Â 4 Â 1 and 6 Â 6 Â 1 Gamma-centered k-meshes. A vacuum thickness of 15Å is introduced to obtain separate monolayers. Moreover, a convergence test for the adsorption energies has been performed with respect to the k-point sampling, energy cutoff, and vacuum thickness. The structure is fully relaxed until the residual forces are less than 0.02 eVÅ
À1
. A higher energy cutoff, denser k-point sampling, and thicker vacuum vary the energy by less than 10 meV. A dipole correction is applied in the asymmetric adsorption congurations. 23 All the surface adsorbates are added as neutral species. The energy barriers and minimum energy paths (MEPs) of O 2 dissociation and oxygen diffusion are computed by the climbing image nudged elastic band (CI-NEB) method. 29 Five images are used to calculate the reaction path. Aer a standard transition state search, the transition states are further optimized by the quasi Newton method until the residual forces are less than 0.02 eVÅ
. Ab initio MD simulations are used to investigate the entire O 2 dissociation process starting from gas-phase O 2 and the thermodynamic stability of the O saturated Ti 2 C monolayer. The simulations are performed at 823 K using the Nosé-Hoover thermostat, 30 and the equations of motion are integrated by the Verlet algorithm 31 with a time step of 2 fs.
Results and discussion
Ti 2 C has a centered honeycomb structure with C sandwiched between Ti layers. When a Ti 2 C monolayer is exfoliated from bulk Ti 2 AlC, its structure experiences a slight expansion in the (0001) plane and a contraction in the [0001] direction. The nearest neighbor Ti1-Ti1 in-plane bond lengths are 3.066Å in the bulk and 3.076Å in Ti 2 C, respectively. The distance between the Ti and C atomic layers shrinks by almost 2% from the bulk (1.149Å) to the monolayer (1.128Å). It is well known that the generalized gradient approximation underestimates the band gaps of semiconductors. 32 However, since both Ti 2 C and Ti 2 AlC experimentally are metallic, 17,20 our results do not suffer from this limitation. Fig. 1(c) and (d) show band structures of Ti 2 AlC and Ti 2 C, both being metallic, consistent with the experimental situation. The former is non-magnetic with degenerate spin channels, while the latter is magnetic with a total magnetic moment of 1.85 m B per unit cell, which is mainly located at the unsaturated surface Ti atoms. The spin up and spin down channels are split but both cross the Fermi level. The metallicity of Ti 2 C makes it potentially applicable in electrical devices. Spin charge density contours of Ti 2 C imply that the induced magnetic moment mainly originates from surface Ti 3d dangling orbitals, similar to the case of Ti 3 C 2 .
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Furthermore, the spin charge density plot shows that the surface charge extends to the vacuum up to 3.5Å. We will demonstrate later that this extension could facilitate charge transfer from the surface to an O 2 molecule and thus enhancing the O 2 dissociation.
As a starting point, we rst investigate O 2 adsorption on Ti 2 C. There are two typical adsorption congurations for an oxygen molecule, the side-on and the end-on mode, 33 which are depicted in Fig. 1(a) . We have performed simulations with one O 2 on one side of a 3 Â 3 supercell, corresponding to a coverage of 0.11 monolayers (MLs). These adsorbed precursors will be used as possible initial states for the subsequent energy barrier and minimum energy path calculations by the climbing-image nudged elastic band method. Table 1 summarizes the energetic, structural, and electronic results of O 2 adsorption on Ti 2 C in different congurations. Interestingly, when O 2 molecules were placed in the three sideon modes, they would dissociate spontaneously aer full structural relaxation, suggesting that it is unlikely to detect O 2 adsorption in side-on modes on Ti 2 C. As for the end-on modes, the stability follows this order: atop (À2.17 eV) < bridge (À2.82 eV) < hcp (À3.16 eV) < fcc (À3.33 eV). These values are much lower than theoretical values on transition metals, 36,37 suggesting that Ti 2 C is more susceptible to O 2 adsorption. As the coordination increases from the atop to fcc/hcp site, the O-O bond strength weakens gradually. The predicted bond lengths are 1.304Å, 1.387Å, 1.416Å, and 1.424Å, and the corresponding vibrational frequencies are 1207 cm
À1
, 939 cm
, 892 cm À1 , and 882 cm À1 . The trend is similar to that for the adsorption of other diatomic molecules (e.g., CO or NO) on transition metal surfaces 36,37 because increasing the coordination facilitates charge transfer from the metal surface to the molecular anti-bonding states. Bader charge analysis 38 indicates that the total charge of the adsorbed O 2 increases from atop to fcc/hcp. Meanwhile, there are no residual magnetic moments as O 2 is adsorbed at the two three-fold sites. According to these results, O 2 adsorption at the atop and bridge sites can be classied as super-oxo species and at the two three-fold sites as peroxo species.
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Before investigating the oxygen dissociation mechanism on monolayer Ti 2 C, it is necessary to study the relative stability of monoatomic oxygen species. It is found that oxygen adsorption at the fcc site is energetically favorable. Fig. 2 adsorption congurations. Though the barrier in each loop seems to be very high, the diffusion repeats as time goes on, implying that it can proceed easily at this temperature (i.e., 550 C), consistent with the CI-NEB results.
When O 2 molecules are placed in the three side-on modes they dissociate spontaneously aer structural relaxation. As a matter of fact, the tilted adsorption conguration found in our MD simulations [inset (ii) in Fig. 5] is not of the pure end-on atop-site type but a combination of end-on and side-on congurations. The sideon contribution subsequently promotes direct O 2 dissociation starting from an off-atop site instead of indirect dissociation aer diffusion to an fcc site, suggesting that it is more likely that O 2 dissociation follows the path from the super-oxo species, close to the path of Fig. 3(iii)-(v) . Therefore, projected densities of states and corresponding charge density difference contours along this path are calculated to obtain further insight into the dissociation process on Ti 2 C. First, O 2 is xed above the surface at 2.5Å [ Fig. 6(a) and (e) ]. At this height it already interacts with the surface. All the molecular orbitals of O 2 shi down relative to the Fermi level, especially the empty p * g anti-bonding orbital. Charge accumulation affects this state and the bond accordingly is weakened. In fact, if the height was not xed, it would relax spontaneously to the atop site adsorption conguration. As the O 2 dissociation proceeds, the molecular orbitals near the Fermi level continue shiing downward and eventually all the molecular orbitals merge into one main state, as shown in Fig. 6(b)-(d) . During this process, charge accumulation in the p * g orbital and depletion of the s-like bonding states become more and more evident, and the total charge of O 2 becomes more and more negative, see Fig. 6(f) and (g) . Finally, the O-O bonding states disappear and O-Ti bonds emerge instead [ Fig. 6(h) ]. Thus, two O 2À ions are formed, each with an effective charge of À1.453 |e|.
These results verify that a neutral O 2 molecule ultimately splits into two O 2À ions on the Ti 2 C monolayer. During this process, the main features of the Ti 3d states remain intact, in particular the gap around À2 eV. However, the charge transfer from Ti to O leads to a reduction of the Ti 3d density of states around the Fermi level.
In addition, the dissociation of O 2 is simulated in a 2 Â 2 supercell (0.25 ML) to investigate possible coverage effects. Only O 2 adsorption at the least (atop) and most (fcc) stable sites (see the values in brackets in Table 1 ) was considered for calculating the O 2 dissociation. As the O 2 coverage increases from 0.11 ML to 0.25 ML, the adsorption results do not alter remarkably. For the two congurations, the MEPs [ Fig. 3(b) ] are almost the same as those in the 3 Â 3 supercell, and again no barriers were found. In the O 2À diffusion process, the two calculated barriers Densities of states obtained for pristine Ti 2 C as well as for O coverage of 0.11 ML, 0.25 ML, and 1.00 ML on both sides are shown in Fig. 7 to obtain insight into the evolution of the electronic properties during the saturation process. At a coverage of 0.11 ML, the adsorbed O atoms lead to minor modications of the band features of pristine Ti 2 C, introducing a slight energetical upshi of the states relative to the Fermi level. As the coverage increases to 0.25 ML, the bands shi further upwards and the gap 21 in the occupied states is remarkably narrowed. When the Ti 2 C monolayer is saturated by O, Ti 2 CO 2 is formed with O atoms at the most stable adsorption sites (fcc) on both surfaces. The resulting structure has been described in ref. 40 and is demonstrated in the inset of Fig. 8(a) . In Ti 2 CO 2 the gap in the occupied states nally is located at the Fermi level and a semiconducting character is obtained with degenerate spin channels. It is found that Ti 2 CO 2 is a narrow gap semiconductor with an indirect band gap of 0.36 eV. The estimated anisotropic electron and hole effective masses of These values verify that the monolayer maintains a good electronic conductivity. Additionally, each oxygen atom gains an effective charge of À1.312 |e|, which is still very close to the value of an oxygen anion in bulk transition metal oxides.
Previous experimental studies indicate that early transition carbide catalysts, such as WC nanoparticles, are not stable but form WO x in an oxidizing environment. [41] [42] [43] Therefore, it is necessary to explore the thermodynamic stability of Ti 2 C in an oxidizing environment. We have carried out MD simulations for oxygen saturated Ti 2 C (i.e., Ti 2 CO 2 ) at an intermediate temperature of 823 K in a 2 Â 3 supercell. As shown in Fig. 8(a) , the structure does not disrupt in a 10 ps simulation. Also, MD simulations with an additional O 2 placed above the Ti 2 CO 2 surface at a height of $2.5Å have been performed [ Fig. 8(b) ]. It can be seen that the O 2 is repelled back into the vacuum and oscillates between congurations with the O-O bonds almost parallel and perpendicular to the surface. This suggests that Ti 2 CO 2 is highly resistant against further oxidation to TiO 2 at such a temperature, allowing its stable utilization.
Conclusions
A combination of density functional theory and MD calculations is employed to capture the fast O 2 adsorption and dissociation processes on monolayer Ti 2 C, which is experimentally always saturated by various chemical groups. It is found that O 2 dissociates without any barrier and the MD simulations suggest that the dissociation starts from the super-oxo species. The fast dissociation process is ascribed to the unsaturated Ti 3d orbitals. The diffusion of the dissociated O atoms is also very facile with a maximum barrier height of 0.53 eV at an O 2 coverage of 0.11 ML. As the O 2 coverage increases to 0.25 ML, both the O 2 dissociation and O diffusion are accelerated. Further analysis shows that the adsorbed O alters the energy bands only slightly at an O coverage lower than 0.11 ML, while the characteristic energy gap within the occupied Ti 3d states shis remarkably upwards and becomes narrower at 0.25 ML. When the system is O saturated the gap appears at the Fermi level and induces a semiconducting character. The formed Ti 2 CO 2 monolayer exhibits a high carrier concentration at room temperature as well as a high thermodynamic stability at intermediate temperature. 
